Dispersions of platelets in the nematic phase are submitted to large amplitude oscillatory shear flow and probed by high temporal resolution small angle x-ray scattering. The response displays rich dynamic and structural behavior. Under small amplitude deformations we observe an elastic response, while structurally symmetry is broken: a preferential direction of deformation is selected which induces off-plane orientation of the platelets. We associate the elastic responses with the tilting director of the platelets towards the flow direction at all strain amplitudes. At large strain amplitudes there is a yielding transition between elastic and plastic deformation, accompanied by a flipping of the director. At intermediate strain amplitudes the director has a rich dynamic behavior, illustrating the complex motion of platelets in shear flow. These observations are confirmed by steady-shear flow reversal experiments, which underline the unique character of sheared nematic platelet dispersions. DOI: 10.1103/PhysRevLett.109.246001 PACS numbers: 83.85.Hf, 83.80.Xz, 82.70.Dd Liquid crystals form a unique class of materials due to the combination of highly ordered structure with low mechanical modulus. This is most apparent for dispersions of colloidal rods, where early work of Zocher [1] and Bawden et al.
Liquid crystals form a unique class of materials due to the combination of highly ordered structure with low mechanical modulus. This is most apparent for dispersions of colloidal rods, where early work of Zocher [1] and Bawden et al. [2] exemplified ordering for very low volume fractions of rods. These observations led Onsager to his seminal thermodynamic description of the relation between crowding and structure [3] , used in a variety of fields. The coupling between structure and mechanical properties is rich and nonlinear, although the mechanical modulus of such colloidal dispersions can be very low. There exists a good level of understanding of the interplay between steady shear flow and the different elastic contributions of the nematic structure, as well as the complex response of the director field, which describes the average orientation of the anisotropic particles [4] [5] [6] . For this reason sheared nematics are benchmark systems for complex flow studies. Even so, there is a dearth of studies on the viscoelastic character of colloidal liquid crystals. Moreover, the flow behavior of the nematic phase of colloidal platelets is poorly studied, although they are the most ubiquitous colloids in nature and have many practical applications [7] .
In this Letter we report the link between the structural and mechanical response of nematic colloidal platelets to large amplitude oscillatory shear flow (LAOS) and steady shear flow reversals. Colloidal platelets, especially clays, often form gels at high concentrations instead of a nematic phase. Although this complicates a fundamental understanding [8] , it does result in strong shear-thinning effects due to sheared-induced breakup of these gels [9] . Shear thinning of charge-stabilized systems in the isotropic phase, as studied with in situ small angle x-ray scattering (SAXS), is interpreted in terms of a shear-dependent effective volume fraction due to the aligning platelets [10] that can cause Taylor-Couette instabilities [11] . In situ SANS and birefringence measurements on a columnar phase revealed a complex behavior where platelets orient in different directions [12, 13] . The nematic phase of kaolite submitted to LAOS displays a strain hardening and a maximum strain after which the system seems to soften [14, 15] . The mechanism, however, is unclear.
The combination of LAOS and an appropriate in situ scattering technique is a useful tool to study structural responses underlying complex flow behavior [16] [17] [18] . The advantage of LAOS is that material states are probed, which are inaccessible to standard rheological methodologies. In order to elucidate those material states, the responses have to be analyzed in the time domain, where a sequence of physical processes can be identified [17, 19] . We apply this approach to Gibbsite particles dispersed in glycerol which form a nematic phase [20] , using a highbrilliancy x-ray beam line to ensure sufficient temporal resolution to follow the response of the system to the applied field. We show that the nematic platelets display a simple elastic response at small strain amplitudes, which is accompanied by an anomalous structural response that has the same frequency as the applied field. At sufficiently large strain amplitudes this anomalous structural response disappears, and the system undergoes a transition to elastoplastic behavior where the mechanical response displays a cycle of elasticlike and plasticlike behavior. At all strain amplitudes the elastic response of the system is associated with tilting of the average director of the platelets towards the flow direction. The transition between the different responses is connected with a rich dynamical behavior of the nematic director field. In order to draw direct comparisons with previous studies of sheared nematic dispersions [5, 21, 22] , we additionally perform steady-shear flow reversal experiments.
Homemade Gibbsite particles with radius R ¼ 125 AE 16 nm and thickness d ¼ 11 AE 4 nm were dispersed in glycerol at a volume fraction of 12.7%, where this system forms a nematic phase [23] . To monitor the structure in situ we use a recently introduced SAXS setup at beam line P10 (at PETRA III, DESY, Hamburg, Germany) where a vertical deflected beam (100 m in diameter) was directed through the gradient direction of a plate-plate geometry on an adapted Haake-Mars rheometer [24] . In this geometry, as is indicated in Fig. 1ii , 'ð2 ½0; 2Þ is the azimuthal angle of the outward normal unit vector n with the shear flow in the flow-vorticity plane, which is also the plane of the wall, while ð2 ½0; Þ is the polar angle with the flowgradient vector. For the dynamic experiments we applied a frequency of 0.04 Hz. Strain amplitudes were reduced from 0 ¼ 12:8 to 0.2 in discrete steps.
Lissajous figures where stress, or torque, is plotted vs strain or shear rate are insightful representations of the mechanical response of any material. Hooke's law states that the stress is proportional to the strain for elastic materials. Such elastic behavior is apparent when the Gibbsite dispersion is submitted to small strain oscillations, as shown in Fig. 1(a) i, where stress is almost linear with strain. With increasing strain amplitude, an overshoot develops (see arrows in Fig. 1(b) i) where an elastic response (where the stress or torque changes approximately linearly with strain, see lines in Fig. 1(b) i) is identified that is followed sequentially by plastic deformation, indicating that the material is forced to yield. This behavior is typical for a yielding fluid and has been observed for systems ranging from hard [25] and soft spheres [26] to wormlike micelles [17, 18, 27] and polymers [28] . Furthermore, it is clear from the similarity of the slopes of the elastic portions of the Lissajous curves in Fig. 1 (b)i that the elasticity exhibited by the system is nearly constant in magnitude for all large-amplitude responses. A more detailed comparison of these slopes indicates that the elasticity exhibited under LAOS conditions is greater in magnitude than the elasticity of the small amplitude response (inner Lissajous curve in Fig. 1 
(b)i).
We study the structural origin of the transition from an elastic to an elastoplastic response by time-resolved SAXS. Figure 1ii show snap shots of typical scatter patterns for the smallest and largest strain amplitudes of 0 ¼ 0:2 and 0 ¼ 12:8, respectively. Figure 1iii displays the corresponding azimuthal profiles over one period, taken at the maximum of the structure peaks q max . The small strain amplitude elastic response, Fig. 1(a) i, is accompanied by the increase and decrease of the structure peak which takes a full period of oscillation, Fig. 1(a) iii. This is surprising since it is commonly assumed that the overall response of a structure to shear is independent of the direction of deformation, meaning that the structural response has twice the frequency of the applied oscillatory shear field. The large amplitude elastoplastic responses, Fig. 1(b) i, are accompanied by short appearances of the structure peak when the material behaves elastically, Fig. 1(b) iii. The elastic response of the system is therefore due to the collective rearrangement of the platelets in the flow field.
To parametrize the structural response, we fit azimuthal profiles as in Fig. 1iii with an orientational distribution function fð'Þ ¼ A exp½P 2 ðcos' À ' max Þ (fit not shown). Here P 2 is the second order Legendre polynomial, is a measure of the ordering, ' max gives the azimuthal orientation of the nematic director, and A is the peak intensity. From fð'Þ the orientational order parameter can be calculated:
. As we have no direct access to the polar orientation of the director max with this set-up, we use the fact that A is proportional to max . To appreciate this proportionality, note that for max ¼ =2 the x-ray beam probes the nematic structure, which is characterized by the face-to-face distance of the platelets. For max ¼ 0, when the platelets are oriented with the wall, the center-to-center distance of the platelets is probed. Given the q range of the set-up this means for max ¼ 0 that most scattered light falls within the beam stop and A is small, while for max ¼ =2 the face-to-face scattering is optimal. Thus, as soon as the director rotates from the wall, the face-to-face distance can be probed and A will increase. hP 2 ð'Þi, ' max , and A are obtained throughout an oscillation for 0 ¼ 0:2, 2.4, and 12.8 as is shown in Fig. 2 . In the lower panels we display the stress response and the applied strain as functions of the normalized time throughout an oscillation.
The elastic stress response at small strain amplitude is accompanied by a transition from a powder-like scatter pattern at maximum negative strain, where there is a distinct peak at q max but no peak in the azimuthal profile, to a single peak in the azimuthal profile at ' max % 1 2 , at maximum positive strain. As illustrated in Fig. 3(a) , the strong structure ring at maximum negative strain at q max indicates the formation of multi-domains with directors tilted away from the normal of the wall, max > 0; the single peak at maximum positive strain corresponds to alignment of the director in the flow direction, while q max corresponds to a face-to-face distance of the platelets of 37 nm.
For large strain amplitudes there are two sharply defined events, where the director quickly passes through the flow direction, as illustrated in Fig. 3(c) . These reorientation events exactly coincide with the elastic portions of the rheological responses (see Fig. 1(b)i) and take place at strain extrema where the flow is reversed. Between the elastic reorientation events there is only scattering at very low q, indicating that platelets align with the wall facilitating lamellar flow. In this regime, the material acquires strain in an irreversible, or plastic manner. The boundary between the elastic and plastic responses is marked by a small stress overshoot. The physical interpretation of the elastic-to-plastic transition, the flipping of the director, is contrasted to most other soft matter systems where structural entities (entanglements, cages, etc.) are destroyed. The nematic platelets behave more like lamellar materials such as amphiphilic systems [29] and smectic liquid crystals [24] which display transients caused by the reorientation of the director from the flow to the vorticity direction.
FIG. 2 (color).
Response to an oscillatory shear field at various strain amplitudes [33] throughout one period T. Top panels: orientational order parameter (solid red line); ' max (dashed black line); peak intensity (dotted blue line, not shown for 0 ¼ 2:4 for clarity). The bottom panels show the applied strain (dotted line) and the torque (solid line). The strain and rate extrema are indicated.
FIG. 3 (color)
. Cartoon of dynamic behavior during one period for different strain amplitudes. The unit spheres indicate the orientation of the director for the cartoon frames at À _ , while the ordering is sketched by the red cone.
When deformed by intermediate strain amplitudes the dynamic response is particularly rich. In contrast to the response to large strain amplitudes, intermediate strain amplitudes induce maximum ordering at maximum strain (where the shear rate is instantaneously zero). In contrast to the small strain amplitudes the maximum ordering events are observed at both strain extrema when intermediate strain amplitudes are applied. Thus, there is no selected direction of strain. We identify the following sequence of events, which is illustrated in Fig. 3(b) : at maximum strain the director points in the flow direction; with increasing shear rate the domain director tumbles towards the vorticity direction, thus reducing the torque on the platelets, while the orientational distribution widens; at maximum shear rate the director flips, followed by a rotation towards the flow direction. The sequence repeats in the other direction.
We identify a strain bifurcation in the sequence of strain amplitudes that were applied: the system selects a specific direction of deformation which is frozen into its memory as the strain amplitude is reduced below a critical value. Structural responses with the same frequency as the applied deformation are often interpreted as being a signature of a sheared system which has not reached its stationary state. The observed responses are, however, stable over intervals of time on the order of hours and independent of the flow history. Furthermore, the transition from elastic to elastoplastic behavior is independent of the frequency in the range studied (0.01 to 0.16 Hz) and also observed when water is used as a solvent.
We can rationalize the transition to a symmetry-broken state by noting that the total strain of 0.4 that could possibly be acquired from À 0 to 0 in the smallest amplitude case is only enough to tilt the director towards the flow direction ( max % =2), but no further. When the flow is reversed, the director is pushed back, returning to its initial orientation, as indicated in Fig. 3(a) . At intermediate strain amplitude sufficient strain is acquired such that the director is tilted into the flow direction before the maximum strain is achieved. We therefore associate instantaneous elastic deformation with the tilting of the director toward to flow direction at all strain amplitudes. Since the torque on the particles is high when the director lies along the flow direction, relaxation occurs via the tilting of the director into the vorticity direction when the system is strained beyond this point, as we observe for 0 ¼ 2:4 in Fig. 3(b) . The sequential widening of the orientational distribution could reflect breaking up of the nematic domain, facilitating the flipping of the director. At large strain amplitudes the critical strain is acquired very shortly after flow reversal and the aforementioned sequence happens abruptly.
Tumbling and widening of the orientational distribution is typical of nematic phases composed of rod-like particles in steady shear flow [4, 5, 21, 22, 30] and has also been predicted for nematic platelets [31, 32] . In order to make a direct comparison with previous studies of sheared nematic dispersions, we perform steady-shear flow reversal experiments, where the sign of the shear flow is changed at t ¼ 0. This is a standard rheological test to study the tumbling behavior of (colloidal) liquid crystals [5, 21, 22] . We show in Fig. 4 the responses for _ ¼ 0:08, 0.32, and 3:2 s À1 , plotting ' max and hP 2 ð'Þi as a function of the acquired strain after flow reversal at time t ¼ 0. The stress responses are all overdamped (data not shown), suggesting flow alignment [30] . The response to the lowest shear rate ( _ ¼ 0:08 s À1 ), displays a rich tumbling motion where the director makes full rotations from the flow direction to the vorticity direction and back. The tumbling is accompanied with changes in the order parameter, indicating a widening and narrowing of the orientational distribution function during this tumbling motion. At intermediate shear rate ( _ ¼ 0:32 s À1 ) the distribution widens without rotation of the director. Repeated tumbles are observed at large strains [33] . The same event is observed, but only once, at high shear rate ( _ ¼ 3:2 s À1 ), within a narrow window around % 10. This indicates that the director field flips after flow reversal, as is observed for the large strain amplitudes in Fig. 2(c) . After the flip the same isotropic structure is observed as under steady shear and quiescent conditions, where anchoring of the nematic director normal to the wall elicits alignment. This complies with an earlier experimental study [12] and suggests strong wall anchoring.
The combination of simultaneous SAXS with LAOS and steady-shear flow reversal we have employed on nematic platelet dispersions has shown the viscoelastic and elastoplastic nature of liquid crystals to be more complex than previously thought. The structural response of the platelets to flow reversal is pronounced and highly complex compared to rodlike systems. Moreover, we observe tumbling in a plane not predicted by theoretical studies [31, 32] . LAOS experiments have revealed elastic behavior that is   FIG. 4 (color) . Response of the orientational order parameter (solid red lines) and the average angle (dashed black lines) to a flow reversal for _ ¼ 0:08 s À1 (a), _ ¼ 0:32 s À1 (b), _ ¼ 3:2 s À1 (c) [33] . connected with structural symmetry breaking for small deformations. In response to large deformations we observe a yielding transition between elastic and plastic deformation, accompanied by a flipping of the director. The elastic response of the system is associated at all strain amplitudes with a reorientation of the director into the flow direction, while plastic deformation coincides with the director aligning with the vorticity direction. In order to account for the observed behaviors with theoretical arguments, all possible rotations need to be accounted for, as well as strong anchoring conditions. Moreover, under LAOS conditions, one cannot straightforwardly apply the theory for steady shear flow as special attention needs to be paid to the complex interplay between strain and shear rate effects at each point in the cycle.
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